Introduction
Land use change alters the below-ground ecosystem, often leading to loss of biodiversity and depletion of soil carbon [14] . Some 1780 Mha of the world's soils are now known to be degraded in some way [39] , with conversion of forests and grasslands to agriculture causing dramatic effects on physical and chemical properties [13, 36, 45] . Losses in soil carbon can be considerable, and indigenous microbial communities respond to such changes in carbon and other substrates [8, 11, 12, 22, 30, 46] . In tropical agroecosystems, where climate and edaphic factors may place less constraint on microbial activity [9] , farmers commonly have limited access to inputs, and turnover of organic matter is rapid. Degradation processes such as losses in soil carbon, nutrient depletion, and reduced water holding capacity can occur quickly and be difficult to reverse [40, 42] . Thus land use and management factors may play a more important role in regulating microbial communities in tropical soils than in many temperate systems, where favorable climatic factors, combined with access to fertilizers and other soil amendments, help to buffer changes in the soil environment [20] .
Research on tropical soil biota has primarily focused on macrofauna, including demonstration of the importance of earthworms and termites in regulating nutrient cycling in humid soils [5, 9, 17, 26] , with less focus on microorganisms with the exception of several key microbially mediated processes such as nitrogen fixation [21, 27] . Analysis of changes in microbial communities in tropical soils has hitherto been limited to a few land use types using traditional methods to detect changes in microbial biomass and soil respiration [4, 31, 37, 41] . These analyses have shown increases in microbial and fungal biomass as a result of differing organic matter inputs [31] , demonstrated the importance of microbial biomass as a source of nutrients to crops [44] , quantified microbial biomass in relation to other functional groups in soils of tropical slash-and-burn systems [37] , and found that decomposition pathways in tropical forests were more dominated by fungi than bacteria than in temperate forests [41] . Advanced molecular and biochemical ecological approaches have only been used to study microorganisms in a limited number of tropical systems [6, 23, 35, 51] . Dramatic changes in microbial community structure resulted from changes in vegetation in young Hawaiian soils [35] , and conversion of forest to agriculture decreased microbial biomass and produced compositionally distinct microbial communities in Tahiti [51] . Borneman and Triplett [6] demonstrated significant differences between soil microbial populations in a mature forest and adjacent pasture in Eastern Amazonia. Many of these studies are anecdotal and are not based on replicated field trials. Therefore, little is known about how agricultural practices affect microbial communities in tropical soils.
The objectives of this research were to investigate the variation in tropical soil microbial communities associated with (i) differing soil types, (ii) differences in land use; comparing wooded (forest and woodlot) and agricultural soils, and (iii) differences in soil management practices within degraded soils.
Methods

Study Sites.
Study sites were selected in Western Kenya (Fig. 1 ) to represent three comparisons: (i) variation in soil type (with soils ranging in texture from sandy to clay); (ii) comparison of land use (forest, woodlot, or agriculture) at two locations (Ochinga and Kakamega); and (iii) comparison of agricultural management practices, focusing on improved fallow (increased organic nitrogen and carbon inputs through a fallow season growth of the N-fixing Tephrosia candida), and traditional agricultural management (double cropping of maize with no fallow) across four soil types (Teso, Ugunja, Ochinga, and Luero) and perennial tea cultivation (Kakamega).
Four soils were sampled. They represented the major classes of soils in the region and, though separated by up to 80 km ( Fig. 1) , were spread over a narrow precipitation gradient (Table 1) . Agricultural productivity was generally very low at all sites (Table 1) . For land use comparison a primary forest, a perennial tea plantation, and unimproved maize fields were sampled at the Kakamega site, and maize fields and a woodlot established 20 years earlier on previously tilled fields were sampled at the Ochinga site. Three of the agricultural sites (Teso, Ugunja, and Luero) were managed as part of the IM-PALA project [1] . These sites were located on farmers' fields representing the main soil types of the region. All IMPALA experiments were on degraded soils that were no longer productive following years of agricultural management that did not maintain soil fertility levels. At each site, a randomized complete block experiment included continuous maize treatments, consisting of the traditional practice of growing two maize crops per year, as well as improved fallow treatments, in which maize is followed in the rotation by the nitrogen-fixing tree Tephrosia candida. Both management treatments received 75 kg ha )1 phosphorus as triple super phosphate and 75 kg ha )1 potassium as potassium chloride. Tephrosia is undersown in maize during the long rainy season, grows during the short rains, and is cut and incorporated into the soil before the next year's maize crop. The loss of the short-rain maize crop is more than offset by the increase in subsequent long-rain maize yields.
At all but one site (Ugunja: two replicates), three replicates from continuous maize and maize-fallow plots (with T. candida) were sampled. These experiments were initiated in 1999 and, at the time of this study, improved system plots were in the first maize rotation following an 18-month fallow. The Ochinga site had the same treatments as IMPALA sites, also in a randomized complete block experiment, but the improved system had been in place for three seasons prior to sampling.
Soil Sampling.
At the wooded sites at Kakamega (forest) and Ochinga (woodlot) three separate sample locations were established at each site. Within each of these locations, 20 separate sub-samples of litter and mineral soil were taken that were pooled into a composite sample per location. Tea field soils were sampled by randomly choosing three rows at least 25 m apart. For each row 20 soil cores were taken and pooled to form a single composite sample per row.
Agricultural soils, except tea, were sampled under the maize crop in late May 2001. Green biomass from fallows had been incorporated 3 months earlier in the fallow treatment plots. The long rains (May to June) began 2 weeks prior to sampling, and soils were moist. Soils from each of the three replicate plots (Ugunja; two replicate plots) were sampled by taking twenty 5-cm cores per plot with sterile core samplers (diameter 2.5 cm). These samples were then pooled into one composite sample per plot. Enzyme assays, microbial biomass, and total C and N quantification were performed on soil stored at 4°C. Subsamples from each plot were frozen and transported to UC Davis for phospholipid fatty acid (PLFA) analysis. The remainder of the soil was transported immediately to the UK where subsamples were frozen for subsequent denaturing gradient gel electrophoresis (DGGE) analysis, whereas BIOLOG assays were performed within 4 days on fresh soil.
Microbial Biomass and Total Soil C and N Analysis.
Microbial biomass C and N were determined using the fumigation extraction method [50] . Briefly, 25 g of soil was fumigated with chloroform for 24 h. Following fumigation, soil microbial C and N were extracted with 100 ml 0.5 M K 2 SO 4 . Microbial biomass C was determined using a heated sulfuric acid-dichromate digestion, and microbial biomass N was measured in a persulfate digestion of the extracts and analyzed for total N. Total soil C and N were determined by the dry combustion method on a CHN analyzer [34] .
Enzyme Assays.
Five soil enzymes that are components of important nutrient cycles were chosen for this study. They were b-glucosidase and cellobiohydrolase acid in the carbon cycle, the chitinase enzyme, Dacetylglucosaminidase, involved in both the N and C cycles, and acid and alkaline phosphatases; and orthophosphoric monoester phosphohydrolase and orthophosphoric monoester phosphohydrolase in the phosphorus cycle. Enzyme assays, modified from Tabatabai and Bremner's [47] original method, used p-nitrophenol (pNP) linked substrates and were based on the colorimetric determination of pNP released by each enzyme when soil is incubated with a buffered substrate solution. For each enzyme, 15 g of soil per sample was mixed with 100 mL of 0.05 M acetate buffer (pH 9.5 for alkaline phosphate; pH 5.0 for all other enzymes) in 25 mL Nalgene bottles and placed on a magnetic stirrer. Aliquots (2 mL) of slurry were pipetted from each bottle and transferred to polypropylene test tubes, which were kept chilled pending incubation. At the beginning of each incubation, 2 mL of substrate (5 mM for all substrates except chitobiose, which were prepared at 2 mM concentration) solution were added to each sample test tube. The tubes were then capped and placed on a rotary shaker for 2 h at 25°C. Following incubation, tubes were centrifuged at 3900 g for 5 min and 1-mL aliquots of clear supernatant were taken from each tube and transferred to 15-mL glass test tubes containing 0.2 mL of 1 N NaOH, to stop the reaction and cause color change. The solution was brought to a volume of 10 mL using deionized water. The assay mixtures were then vortexed and absorbance measured with a spectrophotometer at 410 nm. Parallel sample and substrate controls were run by adding 2 mL of acetate buffer with 2 mL of soil slurry, and 2 mL of substrate solution with 2 mL of acetate buffer, respectively. The concentration of p-NP detected in samples after incubation was corrected by subtracting the combined absorption results for the sample and substrate controls from the analytical samples.
BIOLOG and Phospholipid Fatty Acid Analysis.
BIOLOG analysis (31 substrates) was carried out as described by Girvan et al. [22] using BIOLOG EcoPlates (BIOLOG Inc.). PLFA was carried out as described by Bossio and Scow [7] . Out of a possible total of 85 fatty acids identified in any sample, analyses were based on 49 fatty acids that appeared in at least 25% of the samples.
16S rRNA Gene DGGE Analysis.
Extraction, quantification, and purification of DNA were performed as described by Girvan et al. [22] . PCR and subsequent denaturing gradient gel electrophoresis (DGGE) analysis were performed on DNA using 16S rRNA gene universal bacterial DGGE primers 2 and 3 (synthesized by Invitrogen Custom Primers, Paisley, UK) from Muyzer et al. [33] as detailed in Girvan et al. [22] .
Statistical Analysis.
Multivariate analysis of BIOLOG, enzyme, PLFA, and DGGE profiles was done using CANOCO software [49] from Microcomputer Power (Ithaca, NY). Each data set was standardized to total activity or biomass to emphasize changes in community characteristics of that were independent of changes in biomass. Therefore, BIOLOG substrate absorbance was standardized to whole-plate color development; individual enzyme activities were represented as a percentage of the total measured activity (''specific activity'') as defined by [51] ; mole percent of individual fatty acids was used in the analyses of PLFA profiles; and for DGGE analysis, each ribotype (band) was identified and its intensity measured after image capture and analysis using the Phoretix ID Advanced software (Non Linear Dynamics, Newcastle UK). This band intensity was then expressed as a proportion of the total intensity of all of the bands comprising a particular community profile. The software eliminates background and automatically detects peaks when noise levels and minimum peak thresholds are set and was used as described in detail in Girvan et al. [22] . Principal component (PCA) and redundancy (RDA) analyses were used to analyze the data. RDA is an ordination technique based on PCA, in which ordination axes are constrained to be linear combinations of environmental variables [48] , thus allowing direct assessment of the relationship between environmental variables and variation in the multivariate data. Environmental variables tested in this study included soil type, land use (wooded or agriculture), and management system (continuous maize or improved fallow system). The Monte Carlo permutation test [49] was used to test the statistical significance of the relationships between environmental variables and variation in BIOLOG substrate utilization, enzyme activities, and PLFA or DGGE profiles.
Shannon indices [43]
where H¢ is the value of the Shannon index, p i is the number of individuals of species (ribotype) i, and s is the number of species (ribotype) found in the community profile, and UPGMA dendrograms were calculated from the 16S rRNA gene DGGE community profiles as described by Girvan et al. [22] . Relative comparison of diversity indices for DGGE data and also BIOLOG data were made as these indices do not represent absolute measures of diversity that are the norm in classical macroecology studies [22] . Simple linear regression and ANOVA were used to test for significant relationships between diversity indices and soil factors, and to test for significance of treatment effects on univariate measures.
Results
Soil and Microbial Community Characteristics in Relation to Soil Type and Land Use.
Soil organic carbon varied according to land use, with the highest content in the forest soils and then the woodlot soils. For both forest and woodlot soils organic carbon was greater in the litter than in mineral soil (Table 2 ). In annually cropped fields, the organic carbon content varied from $1% at the Teso site with the lightest texture soil, to just over 2% in heavier textured soils at Luero (Table 2) . Microbial biomass was highly correlated with soil carbon (r = 0.98). Total enzyme activity also correlated highly with both soil organic carbon and microbial biomass carbon (r = 0.99 and r = 0.95 respectively).
DGGE analysis of 16S rRNA gene fragments ( Fig. 2A) separated microbial communities by soil type, with the exception that Ochinga woodlot samples clustered with Kakamega soils, and separated wooded soils from agricultural soils along a first axis that explained 16% of variability in the profiles. Agricultural locations were more different from each other than from wooded sites. Analysis of PLFAs (Fig. 2B) showed separation of wooded from agricultural soils, based on relatively higher abundance in wooded soils of monounsaturated fatty acids (15:lx8c, 16:1x7t, 16:lx7c, 16:lx5c, il7:1x5c, 17:1x9c, 18:lx6c, 18:lx9c, and 18:lx7c), a few anteiso-, iso-and hydroxy-branched fatty acids (i13:0, a13:0, i14:0, 12:02OH, 14:03OH, 16:02OH), and 18:2x6c. Soils from forest and woodlot had relatively more anteiso-and isobranched fatty acids (i15:0, i16:0, i17:0, a17:0, i18:0, i19:0, i20:0), and methyl-branched fatty acids (16:010Me, 17:010Me, 18:010Me) than were found in agricultural soils. Agricultural soils separated into two groups; the first included Luero, Ochinga and Kakamega tea, with higher relative abundances of branched fatty acids, and the second comprised Ugunja, Teso, and Kakamega continuous maize, with higher relative abundances of monounsaturated fatty acids.
Enzyme analysis (Fig. 2c) contrasted with DGGE and PLFA analyses in that the main separation of samples along the first axis was Kakamega maize, and also Kakamega tea and forest mineral soil from other sites. This separation was driven by the relatively higher activity of acid phosphatase, in Kakamega samples (an acidic clay soil), and relatively higher activity of b-glucosidase, chitinase, and alkaline phosphatase at the other sites (Table 3) . Relationships of soil microbial communities based on BIOLOG profiles (Fig. 2D) were broadly similar to what was observed with the enzyme analyses with separation of the acidic clay agricultural samples, Kakamega maize and tea, from other samples. This was based primarily on the very high utilization of between 40 and 80 and very low utilization of b-methyl-d-glucoside that dominated the first axis (22%) (Fig. 2D) , and separation of wooded sites from agricultural fields, due to high utilization of cellulose, lactose and glycogen, along the second axis (eigenvalue 17%).
There were some differences among sites in Shannon's index based on DGGE analysis of 16S rRNA gene fragments (Table 2) , most notably a significantly lower relative diversity at the Ugunja site than at the other sites. However, there were no significant differences in community diversity between wooded and agricultural sites, nor any consistent trend with respect to agricultural management treatment. Relative diversity indices generated from BIOLOG analysis showed wooded sites to have the greatest substrate diversity ( Table 2) . These values for the wooded sites were, however, only significantly greater than those determined for the Kakamega and Leuro continuous maize plots.
Variation between Wooded and Agricultural Soils.
The land use conversion represented by forest and woodlot soils and the same soils under agricultural management at two locations (Kakamega and Ochinga) showed dramatically lower soil carbon, microbial biomass, and total enzyme activities under annual cropping (Table 2) . At Kakamega and Ochinga, land covers characterized by perennial woody vegetation (forest, woodlot, tea plantation) had a higher percentage of total enzyme activity of cellulases and chitinase (Table 3) . Redundancy analysis (RDA) and Monte Carlo testing were used to provide a statistical analysis of the microbial community response to changes in land usage using data from the two sites (Fig. 3) . In general, community composition and activity in forest and woodlot soils were significantly different (p < 0.01) from agricultural soils at both sites, as determined by Monte Carlo permutation testing (data not shown). The single exception to this was that the enzyme activities of the Ochinga woodlot soil were not significantly different from those of Ochinga agricultural soil. Forest (Kakamega) and woodlot (Ochinga) soil communities were also significantly different (p < 0.01) from each other based on all methods, although inspection of ordination plots (Fig. 3) revealed less discrimination of forest from woodlot in PLFA and BIOLOG analysis as compared with DGGE analysis of 16S rRNA gene fragments, and greater variability among replicates in enzyme profiles. Identical replicated experiments comparing the traditional continuous maize cropping (two crops per year) with a cereal/improved fallow rotation were established on farmers' fields, on four soil types (Ochinga, Leuro, Ugunja and Teso; Table 1 ). Soil carbon content was increased significantly (p < 0.001) with improved fallow management. Similarly, microbial biomass carbon, although variable, increased significantly (p < 0.05) under Table 2 .
Soil organic carbon, microbial biomass carbon, total enzyme activities, and Shannon diversity indices at the study sites Standard errors are in parentheses, and values followed by different letters within the same site are significantly different at p < 0.05 (ANOVA). The absence of a letter indicates that there was no significant variation for different land uses at a particular site for the particular enzyme activity. N = 3 for all sites, except Ugunja at which N = 2.
improved fallow. Total enzyme activity was significantly greater at the Luero site compared to the other three sites (Ochinga, Ugnuja, and Teso; p = 0.0003, Table 2 ). Total activity was also significantly greater in the cereal-fallow rotations compared to the continuous maize cropping system (p = 0.0010), except for Ugunja at which there was no significant difference ( Table 2) . Comparisons of the standardized activities of individual enzymes between the four sites showed a trend where Luero had significantly higher activities for the two cellulases, b-glucosidase and cellobiohydrolase (Table 3) . Across all four sites, standardized activities of b-glucosidase, cellobiohydrolase, and chitinase were greater in the fallow-cereal rotations than in the continuous maize plots (p = 0.0004, 0.0057, and 0.0212, respectively). There was no difference in the four sites between cropping systems for the standardized activity of the acid phosphatase (p = 0.3029), but significant differences were found for the alkaline phosphatase (p = 0.0012), where standardized activities were higher under continuous maize cropping.
The importance of soil type and management as determinants of soil microbial communities was examined using RDA and Monte Carlo testing. DGGE analysis of 16S rRNA gene fragments showed significant separation of the communities by soil type (p < 0.001) that dominated the ordination (Fig. 4) ; a significant effect of management systems (p < 0.01) was also measured. These two variables explained 47% of the variation in the 16S rRNA gene DGGE data on the first two ordination axes. Soil type and management explained 69% of the variation in PLFA profile (Fig. 4B ) with strong separation of the soils into two groups, namely Ochinga and Leuro, versus Ugunja and Teso, mainly along the first axis. The different management systems within soil type were separated along the second axis. Both soil type and management were highly significant (p < 0.001). Separation along the first axis was based on higher relative abundance of anteiso-, iso-, methyl-and hydroxy-branched and saturated fatty acids (i15:0, a15:0, 15:0, i16:0, 16:0, i17:0, a17:0, 17:0, 18:0, 12:02OH, 14:03OH, 16:02OH, 16:010Me, 17:010Me, 18:010Me) to the left, and higher monounsaturated fatty acids (16:1x7c, 16:lx5c, i17:lx5c, 17:lx9c, 18:lx9c, and 18:lx7c) on the right. In contrast to the compositional measures (DGGE and PLFA), soil management had a highly significant effect on some enzyme activities (p < 0.001), but soil type, with the exception of Luero, was not significant (Fig. 4C) . Separation based on management was due to higher relative activity of the carbon cycling enzymes, bglucosidase and cellobiohydrolase, and lower relative activity of alkaline phosphatase in improved fallow plots. The first two ordination axes captured 69% of variability. For BIOLOG profiles, both soil type and soil management variables (Fig. 4D ) were significant (p < 0.01), and with consistent separation of fallow and continuous maize fields for most locations. The first two ordination axes constrained by these variables accounted for 28% of total variability.
The data from DGGE analysis of 16S rRNA gene fragments were also analyzed by direct similarity comparison using the Dice/Sorensen index (Fig. 5) . Discrete reproducible differences in the community composition due to land management were evident. As with RDA, agricultural sites clustered separately from their wooded counterpoints, and further separation within the agricultural sites due to management was also observed. Sites cropping continuous maize clustered separately from the maize intercropped with T. Candida at all sites.
Discussion
All four multivariate methods were highly sensitive to differences in the microbial community. DGGE analyses of 16S rRNA gene fragments provided a measure of the composition and structure of the dominant species within the bacterial community and produced highly reproducible, site-specific profiles. These profiles primarily varied with regard to soil site, for which each of the five sites had different soil types and/or pH (Table 1) . These results were consistent with the findings of several other studies on temperate agricultural soils that found soil type to be the primary determinant of bacterial community structure [10, 19, 22] . Smaller secondary influences were also found due to differing management practices. In this study, PLFA profiles were found to be primarily sensitive to land use conversion, but they also significantly separated soil types and soil management effects on communities. Forest and woodlot sample profiles were indicative of a higher relative abundance of Gram-negative bacteria, associated with monounsaturated fatty acids [53] , that grow rapidly and make use of a variety of different carbon sources, together with greater fungal abundance (18:2x6c) [15] . Conversely, agricultural soil profiles indicated higher levels of actinomycetes (associated with methyl-branched fatty acids) [28] and Gram-positive bacteria (associated with branched fatty acids) [24] . Separation of agricultural soils into two groups based on greater relative abundance of anaerobic organisms (branched fatty acids) [24] indicated higher soil moisture in the heavier textured soils at Ochinga and Luero. These results are consistent with other studies in which PLFA analysis has been demonstrated to be highly sensitive to both environmental and management effects on soil microbial communities [3, 8, 30, 38, 52] , and carbon and water availability were found to explain large portions of the variability in PLFA profiles [7] .
Enzyme activity and BIOLOG substrate utilization analyses that provide indications of biological function produced profiles that were less specific with regard to soil type than resulted from 16S rRNA gene DGGE and PLFA approaches. Different soil types have specific microhabitats due to widely ranging abiotic factors. This encourages differences revealed by DGGE analysis, which identifies the most dominant ribotypes (i.e., on the basis of 16S rRNA gene sequences) within a community. However, although bacteria may be separated on a 16S RNA gene DGGE profile because of small genetic variations, it is still possible for these bacteria to maintain a similar function within the community. Conversely, similar substrate utilization profiles may be generated by BIOLOG analysis of soil samples but may include genetically distinct organisms. It is this functional redundancy among soil bacterial communities that promotes soil stability and protects soil processes from species loss [18, 25] . Therefore, overall functional capacity need not be determined by soil type [2, 29] . The soils from wooded sites showed the greatest substrate diversity, significantly greater than those from the Kakamega and Luero continuous maize sites. Overall, however, functional diversity was generally high in all soils, despite large differences in community structure, a result that supported the functional redundancy theory. Relative functional parameters, including specific enzyme activity and standardized substrate utilization, appeared to be predominantly affected by soil chemical properties, rather than carbon and water availability, as suggested by separation of acid soil samples from other soils along the first axis. Although results indicate overlaps in functional capacity between bacteria, it should also be considered that greater variability with respect to site-specific clustering the basis of functional indicators might also be a consequence of analyzing a smaller number of variables, i.e., five enzymes and 31 BIOLOG substrates (functional variables), as opposed to 49 PLFAs and 102 DGGE bands (community structure indicators).
Dramatic difference is the below-ground environment in terms of carbon content were accompanied by decreased microbial biomass and changes in microbial community structure and function in the wooded soils, in agreement with earlier research [51] . One anomalous result, however, was that although overall enzyme activity was much lower in tilled fields than the 20-year-old woodlot at the Ochinga site (Table 3) , the specific activity of each enzyme was similar, regardless of land use (Fig. 3C) , suggesting that these functions were conserved in both the woodlot and agricultural soil at the Ochinga site. Woodlot communities were significantly different from primary forest according to all methods (Fig. 3) , although measures of the metabolically active component of the communities (PLFA, enzymes, and BIOLOG) displayed lower specificity with respect to site than was found by 16S rRNA gene DGGE analysis indicative of the total communities. Mineral soil samples from both the Kakamega forest and Ochinga woodlot had similar PLFA, enzyme and BIOLOG 22 profiles.
Analysis of 16S rRNA genes has been proposed to represent a more historical than immediate description of the microbial community [16] . However, a notable finding of this current research was that DGGE analysis of amplified 16S rRNA gene fragments revealed differences in the microbial community structure in relation to differing soil management practices (Fig. 4 and 5 ). Nusslein and Tiedje [35] had previously identified large vegetation-induced changes in the soil microbial structure in a tropical Hawaiian soil, as inferred from differing G+C compositions, whereas deforestation in the Eastern Amazon was accompanied by significant change in microbial populations based on rRNA intergenic spacer analysis [6] . However, in general, the similarity of bulk community composition, measured by 16S rRNA gene analysis, across landscapes with similar soil types, despite differences in management, is more commonly observed [22, 32] . This suggests that changes in the composition of microbial communities that were attributable to agricultural management in this present study were more pronounced than found in many previous studies. Nusslein and Tiedje [35] suggested that the differences in the Hawaiian soil were due to the young age of the soil, and that young soils are more susceptible to change than well-established soils. The consistency of results across the four soil types in our study (Fig. 4) could be interpreted to indicate that management more rapidly affects the composition of microbial communities in tropical environments than those from temperate ecosystems. Moreover, PLFA analysis was found to strongly discriminate between differing management practices (Fig. 4) , providing additional evidence that deliberate management of soils will have considerable impact on microbial community structure in tropical soils.
Conclusions
The polyphasic methodology used in this research provides considerable advantages over conventional measures for analysis of the soil microbial community, offering two key opportunities. First, the approach enhances our ability to determine rates of change in the total and specific functional components of microbial communities. Second, it facilitates an improved understanding of the environmental conditions that result in changes to soil properties and their indigenous microbiota. These data indicate that the functional and compositional measures used in this study are sufficiently sensitive to permit investigation of management-induced impacts upon microbial community structure and function.
In this study, 16S rRNA gene analysis showed soil type to be the primary determinant of the total bacterial community in these tropical soils. 16S rRNA gene and PLFA analyses revealed additional specific differences between wooded and agricultural soils. Functional indicators (BIOLOG and enzyme activities) showed less specificity with respect to soil type, and greater variability overall than DNA-and PLFA-based measures. In replicated field experiments comparing traditional continuous maize cropping with an improved N-fixing fallow system in which maize yields are increased, 16S rRNA gene and PLFA analyses revealed distinct separation of microbial communities between treatments, although this separation was not necessarily associated with increases in microbial diversity. Microbial biomass and enzyme activities were generally found to increase in soils using the cereal fallow rotation. Thus, management practices were found to affect both microbial community composition and function. Future research will focus on determining whether such changes are correlated with improvements in soil health, and on identifying key functional microbial components that respond to differing management practices.
